Background: The Lotrach endotracheal tube has a unique low-volume, low-pressure (LVLP) cuff, which has been designed to prevent pressure injury to the tracheal wall. We aimed to estimate the pressure exerted on the tracheal wall by the LVLP cuff and a conventional cuff in a bench-top, clinical and radiological study. Method: In the bench-top study, a model trachea was intubated with the LVLP cuff and the conventional cuff. The cuff pressure was controlled using a constant pressure device. We assessed the pressure exerted on the tracheal wall by measuring the ability of the cuffs to support a column of water using a standard protocol. In the clinical study, we tested the ability of both cuffs to prevent air leak during a staged recruitment manoeuvre. In the radiological study, we recorded the degree of anatomical distortion of the trachea from both cuffs in the anteroposterior (AP) and transverse tracheal diameters. We performed statistical analysis using non-inferiority tests. Results: In the bench-top study, the LVLP cuff achieved a plateau at a mean height of 25.2 cmH2O (SD 0.34). In contrast, the conventional cuff failed to maintain any water above the cuff and a plateau could not be measured. In the clinical study, the mean pressure at which air leak occurred was 30.0 +/-0.8 cmH2O (SD 3.8) using the LVLP cuff and 32.4 +/-0.7 cmH2O (SD 3.0) using the conventional cuff. In the radiological study, the mean degree of anatomical distortion of the trachea in AP and transverse tracheal diameter was 2.9 +/-2.2 mm (SD 2.1) and 1.8 +/-1.4 mm (SD 1.4) using the LVLP cuff and 4.4 +/-1.3 mm (SD 1.4) and 2.6 +/-1.5 mm (SD 1.6) using the conventional cuff. Conclusions: The bench-top and clinical studies both demonstrated that the LVLP cuff exerted approximately 30 cmH2O of pressure on the tracheal wall. These results are supported by our radiological study. We conclude that the LVLP cuff exerts an acceptable amount of pressure on the tracheal wall when it is operated at the recommended intracuff pressure.
Background
It is important to ensure an appropriate amount of pressure is exerted on the tracheal wall by an endotracheal tube cuff for two opposing reasons. Firstly, a higher pressure is desirable in order to form an effective seal, which reduces the pulmonary aspiration [1] . Secondly, a lower pressure is desirable in order to minimise pressure injury to the tracheal wall [2] [3] [4] . Consequently, it has been recommended that an endotracheal tube cuff should exert between 20 and 30 cmH2O of pressure on the tracheal wall [2] . This is thought to represent a balance between preventing pulmonary aspiration and protecting the tracheal wall from pressure injury.
Traditional endotracheal tube cuffs are high-volume, low-pressure (HVLP) cuffs. These cuffs should not be fully inflated when used. This has two important consequences. Firstly, there are longitudinal folds in cuff wall because the cuff is not under tension. Secondly, the pressure exerted on the tracheal wall by the cuff is equal to the intracuff pressure. At an intracuff pressure of 30 cmH2O, the HVLP cuff exerts approximately 30 cmH2O of pressure on the tracheal wall. Therefore, it is recommended that HVLP cuffs are operated at an intracuff pressure of 30 cmH2O.
In clinical practice, HVLP cuffs have been shown to allow pulmonary aspiration at an intracuff pressure of 30 cmH2O [5, 6] . This occurs along the longitudinal folds, which develop in the cuff wall. It also appears that HVLP cuffs are routinely overinflated. Recent studies using HVLP cuffs have reported mean intracuff pressures between 35-62 cmH2O [7] [8] [9] . The desire to minimise pulmonary aspiration could explain why HVLP cuffs are routinely overinflated.
The Lotrach endotracheal tube has a unique lowvolume, low-pressure (LVLP) cuff, which has been designed to prevent pulmonary aspiration and avoid pressure injury to the tracheal wall [10] . The cuff is designed to be fully inflated when used. This has two important consequences. Firstly, the cuff does not develop longitudinal folds in cuff wall because the cuff is under tension. Secondly, the pressure exerted on the tracheal wall by the cuff is equal to the intracuff pressure minus the sum of elastic forces within the cuff. The sum of the elastic forces within the cuff is approximately 50 cmH2O. At an intracuff pressure of 80 cmH2O, the LVLP cuff exerts approximately 30 cmH2O of pressure on the tracheal wall. Therefore, it is recommended that the LVLP cuff is operated at an intracuff pressure of 80 cmH2O. The Lotrach also incorporates a cuff pressure controller to maintain an optimal intracuff pressure over time. The cuff has already been shown to prevent pulmonary aspiration in a pig model, in anaesthetised patients and in the critically ill [11] . The aims of this study were to estimate the pressure exerted on the tracheal wall by a HVLP cuff and the LVLP cuff in a bench-top, clinical and radiological study.
Method
This prospective, observational study was conducted at the Queen Elizabeth Hospital Intensive Care Unit, Norfolk, UK. We used the Softseal [HVLP, Polyvinylchloride, internal diameter 8 mm, Portex, UK] endotracheal tube and the Lotrach [LVLP, Silicone, internal diameter 8 mm, Venner Medical, Singapore] endotracheal tube. All equipment was used according to the manufacturers' instructions.
Bench-top study
We placed the HVLP cuff in a rigid cylindrical tube with an internal diameter of 22 mm as an approximate model of normal adult human trachea and used a constant pressure device [Tracoe cuff pressure controller, Tracoe, Frankfurt, Germany] to inflate the HVLP cuff [12] . The HVLP cuff was overpressurised to an intracuff pressure of 50 cmH2O while a column of water was instilled above the cuff to a height of 40 cm. At an intracuff pressure of 50 cmH2O, the HVLP cuff exerts approximately 50 cmH2O of pressure on the tracheal wall. Next, the intracuff pressure was reduced to 30 cmH2O. At an intracuff pressure of 30 cmH2O, the HVLP cuff exerts approximately 30 cmH2O of pressure on the tracheal wall. The height of the column of water was remeasured once column of water had reached a plateau.
Theoretically, the column of water would fall until it reached a height equal to the pressure exerted by the cuff on the tracheal wall, provided that the cuff did not continue to leak. If the cuff did continue to leak, it was assumed that the cuff was not fully inflated and the leakage occurred along the longitudinal folds in the cuff wall. In this instance, the intracuff pressure was assumed to be equal to the pressure exerted on the tracheal wall. The experiment was repeated 10 times so that any variation was averaged out. We did not attempt to assess amount or speed of fluid leakage past the cuff except to identify the pressure at which leakage stopped.
The same protocol was used with the LVLP cuff. The LVLP cuff was overpressurised to an intracuff pressure of 100 cmH2O while a column of water was instilled above the cuff to a height of 40 cm. At an intracuff pressure of 100 cmH2O, the LVLP cuff exerts approximately 50 cmH2O of pressure on the tracheal wall. Next, the intracuff pressure was reduced to 80 cmH2O. At an intracuff pressure of 80 cmH2O, the LVLP cuff exerts approximately 30 cmH2O of pressure on the tracheal wall. The height of the column of water was remeasured once column of water reached a plateau. The experiment was repeated 10 times so that any variation was averaged out.
Clinical study
We use positive end expiratory pressure (PEEP) during recruitment manoeuvres in critically ill patients. We hypothesised that there would be gas leakage past the endotracheal tube cuff during a recruitment manoeuvre once the PEEP exceeded the pressure exerted on the tracheal wall by the cuff. All patients who required intubation over a 6 month period were included in our analysis. Patients were allocated to each group depending on their anticipated duration of intubation. Those patients who were anticipated to require more than 24 hours of intubation were intubated with a LVLP cuff. Forty eight patients were intubated with the HVLP cuff and 54 patients with the LVLP cuff.
Both cuffs were operated at the recommended intracuff pressure: the HVLP cuff at 30 cmH2O and the LVLP cuff to 80 cmH2O. At these intracuff pressures, both cuffs exert approximately 30 cmH2O of pressure on the tracheal wall. Each patient underwent a staged recruitment manoeuvre while the intracuff pressure was maintained using a constant pressure device [Tracoe cuff pressure control, Tracoe, Frankfurt, Germany]. The PEEP was set to 15 cmH2O and then increased in 5 cmH2O increments every 5 seconds until 40 cmH2O was achieved. A second observer auscultated the anterior neck and the pressure at which air leak was heard was recorded. In practice, the point of air leakage was obvious and heard at the bedside along with the observation of the brisk bubbling of gas escape at the mouth.
Theoretically, there would be no air leak up to a PEEP of 30 cmH2O. Above this, the PEEP would exceed the pressure exerted on the tracheal wall by the cuff and an air leak heard. Statistical analysis was performed using a two sided 95% confidence interval non-inferiority test. We hypothesised that the mean difference in the pressure exerted on the tracheal wall by the HVLP cuff and the LVLP cuff was within a clinically relevant magnitude. A figure 20% either side of 30 cmH2O was chosen to delineate the limits of a clinically relevant magnitude [13] .
Radiological study
We hypothesised that the anatomical distortion of the trachea caused by the inflation of the cuffs would be similar if the pressure exerted on the tracheal wall from both cuffs was similar. Both cuffs were operated at the recommended intracuff pressure: the HVLP cuff at 30 cmH2O and the LVLP cuff to 80 cmH2O. At these intracuff pressures, both cuffs exert approximately 30 cmH2O of pressure on the tracheal wall.
All patients who required chest CT examinations as part of their ongoing medical care over a 6 month period were included in our analysis. In this part of the study, the intracuff pressure of the HVLP cuff was not controlled. In contrast, the intracuff pressure in the LVLP cuff was controlled because the device incorporates a cuff pressure controller. An independent radiologist examined the images of seven sequential patients who were intubated using the HVLP cuff and six sequential patients who were intubated using the LVLP cuff.
The tracheal antero-posterior (AP) and transverse diameters were measured at the mid-cuff level, and 20 mm above the cuff and 20 mm below the cuff where there was no contact with the trachea (Figure 1 ). The degree of anatomical distortion of the trachea was recorded. Anatomical distortion was defined as the difference in diameter between the mid-cuff and the mean of the above and below cuff diameters. Statistical analysis was performed using a two sided 95% confidence interval non-inferiority test. We hypothesised that the mean difference in anatomical distortion of the trachea by the HVLP cuff and the LVLP cuff was within a clinically relevant magnitude. A figure  20% either side of the mean of the above and below cuff diameters was chosen to delineate the limits of a clinically relevant magnitude [13] .
Ethical considerations
This study was conducted with prospective approval from the Local Research and Ethics Committee. The requirement for patient consent or next of kin consent was waived because the patients were unconscious, the data was observational data from our routine practice, the data was collected for audit, service surveillance and improvement purposes and the data was anonymised. In the clinical study, each patient underwent a recruitment manoeuvre as part of his or her routine respiratory care. The data from this practice was recorded in the patients' electronic medical record. In the radiological study, each patient underwent a chest CT examination as part of as part of his or her medical care. The data from this practice was recorded in the patients' electronic medical record.
Results

Bench top study
The HVLP cuff failed to maintain any water above the cuff and a plateau could not be measured. Therefore, the pressure exerted on the tracheal wall was assumed to be equal to the intracuff pressure. The LVLP cuff achieved a plateau at a mean height of 25.2 cmH2O (SD 0.34). There was no leakage of water past the cuff once the column of water had reached a plateau. No statistical analysis was performed because the HVLP cuff did not achieve a plateau.
Clinical study
The mean pressure at which air leak occurred using the HVLP cuff was 32.4 +/-0.7 cmH2O (SD 3.0). The mean pressure at which air leak occurred using the LVLP cuff was 30.0 +/-0.8 cmH2O (SD 3.8). There was a statistically significant difference between the two groups: the 95% confidence intervals at which air leak occurred did not overlap. However, the limits of our clinically relevant magnitude were 24 cm and 36 cm. The confidence intervals for each cuff were enclosed within these limits and so difference was deemed not clinically relevant.
Radiological study
The mean duration of time between intubation and chest CT examination was 2.6 hours (SD 4.4) in the HVLP cuff group and 192.4 hours (SD 228.9) in the LVLP cuff group. The tracheal AP and transverse diameters at the mid-cuff level, and 20 mm above the cuff and 20 mm below the cuff are shown for the HVLP cuff and the LVLP cuff in tables 1 and 2. The mean degree of anatomical distortion of the trachea in AP and transverse tracheal diameter using the HVLP cuff was 4.4 +/-1.3 mm (SD 1.4) and 2.6 +/-1.5 mm (SD 1.6) and using the LVLP cuff was 2.9 +/-2.2 mm (SD 2.1) and 1.8 +/-1.4 mm (SD 1.4). This represented a percentage change from baseline diameter of the trachea in AP and transverse tracheal diameter of 19.2% and 13.0% using the HVLP cuff and 14.1% and 9.8% using the LVLP cuff. There was not a statistically significant difference between the two groups: the 95% confidence intervals did overlap. However, the limits of our clinically relevant magnitude were 18.15 +/-3.6 mm for the HVLP cuff and 16.9 +/-3.4 mm for the LVLP cuff. The confidence intervals for the HVLP cuff exceeded these limits in both diameters and the LVLP cuff in the AP diameter and so the degree of anatomical distortion was deemed clinically relevant.
Discussion
It has been recommended that the pressure exerted on the tracheal wall by an endotracheal tube cuff should be between 20 and 30 cmH2O [2] . This is thought to represent a balance between preventing pulmonary aspiration and protecting the trachea from pressure injury. Previously, the LVLP cuff has been shown to prevent pulmonary aspiration in a pig model, in anaesthetised patients and in the critically ill [11] . This is the first study to investigate the pressure exerted by the LVLP cuff on the tracheal wall in vitro and in vivo.
Our bench top study estimated that the LVLP cuff transmitted approximately 30 cmH2O of pressure on the tracheal wall. This is demonstrated by the fact that there was only leakage of water past the cuff until the water column reached a height of 25.2 cm. This differs from 30 cmH2O because there is a range of acceptable values, which are allowed as part of the quality control during cuff manufacture. All LVLP cuffs operate within the range of 25-35 cmH2O. In contrast to the HVLP cuff, the LVLP cuff provided an effective seal at this pressure. The clinical study also estimated that the LVLP cuff exerted approximately 30 cmH2O of pressure on the tracheal wall, which was similar to that exerted by the HVLP cuff. These results are supported by our radiological study, which found that the degree of anatomical distortion of the trachea was similar in patients using the HVLP and LVLP cuff in both the AP and transverse diameters in normal clinical practice. Put together, these results suggest that the LVLP cuff exerts an acceptable amount of pressure on the tracheal wall, despite it having an intracuff pressure of 80 cmH2O.
In the radiological study, the mean duration of time between intubation and chest CT examination was substantially longer in patients with LVLP cuffs (192.4 hours, SD 228.9) compared to patients with HVLP cuffs (2.6 hours, SD 4.4). This difference occurred because those patients who were anticipated to require more than 24 hours of intubation were intubated with a LVLP cuff and many of these patients went on to require a substantially longer period of intubation. Anatomical distortion of the trachea is known to occur after prolonged intubation [14] . Consequently, there is a bias in our study that favours anatomical distortion in patients Table 1 The tracheal AP and transverse diameters at 20 mm above the cuff, the mid-cuff level and 20 mm below the cuff are shown for the HVLP with a LVLP cuff because they were intubated for a longer period time. This data further supports our assertion that the LVLP cuff exerts an acceptable amount of pressure on the tracheal wall when it is operated at the recommended intracuff pressure.
The finding that the degree of anatomical distortion was deemed clinically relevant only in patients with HVLP cuffs was unexpected. A possible explanation is that the baseline tracheal diameters (as judged by the above and below cuff measurements) were lower in patients with HVLP cuffs. Therefore, the difference in the degree of the anatomical distortion with the HVLP cuffs can be attributed to the range of the patients' tracheal diameters and the geometrical configuration of the HVLP cuff. Interestingly, the degree of anatomical distortion was different in the AP and transverse tracheal diameters for both cuffs, which suggests that either the pressure from a cuff is not exerted homogenously on the trachea or that the compliance of the trachea is different in the two different axes.
Previously, the pressure exerted on the tracheal wall by endotracheal tube cuffs has been estimated using calculations from balloons interposed between cuff and trachea, implantable transducers cuff, gas flowing across the cuff-trachea contact area through hollow sleeves and compliance curves [15] [16] [17] [18] . There are common methodological problems with each technique, which may be categorised under the headings measuring probe error, pressure measurement volume displacement error and volume aliquot inflation error.
Measuring probe error: interposing a transducer between the cuff and the trachea produces error because the transducer distorts the geometry of the trachea and/ or the cuff [16] . In addition, if the transducer is fractionally on the luminal side of the trachea, the pressure may be overestimated. Alternatively, if the transducer is fractionally recessed into the trachea, the pressure may be underestimated. Furthermore, the position of the transducer in the trachea varies throughout inflation because the trachea is distensible while the transducer is not.
Pressure measurement volume displacement error: gas within the measuring system produces error because it is compressible [19] . The greater the volume or pressure of the gas in the measuring system produces a greater underestimate of the true pressure. Volume aliquot inflation error: the addition of fixed aliquots of volume produces error because different cuffs have different compliance characteristics [17] . A small increase in volume for a cuff with low compliance will produce a greater increase in pressure relative to a cuff with high compliance.
In this study, we estimated the pressure exerted on the tracheal wall by the cuff by measuring the ability of the cuff to support a column of water in vitro and a column of gas in vivo. Advantages of these techniques are that there is no transducer distorting the trachea/cuff, the measuring system does not contain compressible gas and the measurement is not affected by the compliance characteristics of the cuff itself. A disadvantage of these techniques is that measurement is not possible if there is a leak in the system as exemplified by our bench top study.
A limitation of the radiological study was that it was observational data. This meant the intracuff pressure in patients with HVLP cuffs was not controlled. In contrast, the intracuff pressure in patients with LVLP cuffs was controlled because the device incorporates a cuff pressure controller. Therefore, any conclusions that are drawn between the two groups of patients are limited by the lack of control of the intracuff pressure in patients with HVLP cuffs. However, our results do reflect the usage of the two devices in normal clinical practice. The LVLP cuff is always used with a cuff pressure controller and so will always benefit from a second to second intracuff pressure adjustment back to normal. The HVLP cuffs commonly do not have a cuff pressure control system, notable exceptions being the Tracoe device described above and the Lanz endotracheal tube (Covidien, Mansfield, MA, USA). Furthermore, there were a limited number of patients in our radiological study because only patients who required chest CT examinations as part of their medical care were included in our analysis. However, these represented all of the available patients at the time of our analysis. Another limitation is that our study does not address the effect of the mucosal injury caused by shear forces on the trachea, which may occur with movement in a longitudinal or rotational basis between cuff and tracheal wall. This will require a further study.
Conclusions
The bench-top study estimated that the LVLP cuff exerted approximately 30 cmH2O of pressure on the tracheal wall. The clinical study also estimated that the LVLP cuff exerted approximately 30 cmH2O of pressure on the tracheal wall, which was similar to that exerted by the HVLP cuff. These results are supported by our radiological study, which found that the degree of anatomical distortion of the trachea was similar using the HVLP and LVLP cuff in normal clinical practice. We conclude that the LVLP cuff exerts an acceptable amount of pressure on the tracheal wall when it is operated at the recommended intracuff pressure of 80 cmH2O.
